A defined theoretical study was performed, the mainly factors controlling the preparation of 3-fluoroalkylated 1,4,2-oxathiazoles were completely investigated, to this end, the B3LYP/6-31G(d) computational level within the Molecular Electron Density Theory was employed. A significant predominance of 3-fluoroalkylated 1,4,2-oxathiazoles derivatives (D1) has been generated via [3 + 2] cycloaddition between thioketone and nitrile oxide, rationalized by the electrophilic P + and nucleophilic P Parr functions at the reactive sites of reagents, affording the S 1 -C 3 regioselectivity observed experimentally. Besides, an investigation of the relative energies of reaction, Gibbs free energy and barrier activation profile clearly evidences that experimentally isolated D1 is the most reachable product of this reaction, both kinetically and thermodynamically. Importantly, the high polarization of C=S bond toward S sulfur atom over O-C bond polarization make it the nitrile oxide more electrophile instead nucleophile. Furthermore, the ELF topological patterns of the most favorable product indicate that the formation of new bonds in the 32CA reaction between thioketone and nitrile oxide will appear through two unrelated manners, the first is formed by coupling of S-to -C pseudoradical center generated at the most significant atom, while the second is formed by sharing nitrogen non-bonding electron-density and a carbon pseudoradical center via a non-concerted two-stage one-step molecular mechanism.
Introduction
Of particular interest, in pharmaceutical and medicinal compounds, oxathiazole is recognized as heterocycles containing three different heteroatoms such as nitrogen, carbon and sulfur, a very closely related heterocyles as 1,2,4-oxadiadiazoles and isoxazoles were considered as a platform of drug detection, in addition, some of them were recognized as an analogous of 1,2,4-thiazoles to be known anticancer [1] . From a classical 1,3 diploar species, nitrile oxides which is characterized by their aptitude to react with both electronrich/deficient complexes and a prevalent dipolarophilic as "superdipolarophiles", thioketones; it should be emphasized that 1,4,2-oxathiazoles can be formed under harsh conditions. However, the preparation of these component is limited since their appearance in 1961 by Huisgen and Mack [2] , for that reason of fragmentation and rearrangement of the heterocyclic core, under an appropriate temperature as depicted in Scheme 1 (Eq. 1) [3] , to overcoming this scenario, a proposed oxidative cyclisation procedure has been demonstrated by Berenice and co-workers (Scheme 1, Eq. 2) [4] .
Five-and six-membered S-heterocyclic compounds can widely be prepared via a general and extensively applicable route namely [3 + 2] cycloaddition (32CA) reactions, for which two reactive substrates between a thioketone represented by an unsatured C-S double bond and a 1,3 dipole as a three-atom-component (TAC) bearing a conjugated π electrons sharing among there nuclei and is represented particularly by C-O frameworks interacting undergo a 32CA to yielding a heterocycles. Very recently, Grzegorz and co-workers have successfully reported the synthesis of a 1,4,2-oxathiazoles 8 in a high yields, in a fully regioselective manner via 3 + 2 cycloaddition reaction between nitrile imine 6 and a selected thioketone 7 [5] (Scheme 2). Typically, TCA types permit to classifying these 32CA as pseudoradical type (pr-type) reactions, which demands the formation of a pseudodiradical at the most interacting centers accompanied with a non-polar TSs character, another type of reactivity was assimilated to the zwitterionic-type (zw-type) including TACs with a high zwitterionic character, categorized by favorable nucleophilic/ electrophilic interactions, taking place through polar TSs [6] [7] [8] . Generally, nitrile oxides prefer to react with a double or three multiple bonds to generate five-and six-heterocycles with a rapid fashion. Several studies have been devoted to characterize and explore the 32CA reactions [9, 10] and the remaining cycloaddition organic reactions [11] [12] [13] [14] [15] , a very little paper that implicate the utilization of electron density function (ELF) within the molecular electron density theory (MEDT), together with the density functional theory (DFT) were performed, Domingo and co-workers have shown the utility and flexibility associated to these manners for exploring the molecular mechanism, providing a very suggestive graphical presentation of the molecular mechanism, it should be noted that ELF is a tool that could establishing the change of electron density for a quantum mechanical observable a long of a reaction pathway have led to the understanding of the bond forming/breaking processes with a more accurate conviction [16] [17] .
In our ongoing ambition, the present work will be dedicated to rationalize and characterize the reactivity, selectivity and molecular mechanism for the synthetic reaction for the preparation of generated in situ 1,4,2-oxathiazoles substituted C5-aryl via 32CA reaction between nitrile oxide and thioketone, experimentally taken into oversee by Mlostoń and co-worker [18] as displayed in Scheme 3, such reaction was carried out into two step, in one hand, the dehydrohalogenation of hydrogen bromide (Eq. 4, Scheme 3) and the subsequent interaction of C-S and C-O throughout nucleophilic/electrophilic electron density exchange via 32CA reaction (Eq. 5, Scheme 3). The presence of two-fluorine atoms as electron attractor groups in the nitrile oxide and the highly polarizable S sulfur atom in thioketone can mostly affect the instability of such substrate and slightly or completely, change the electronic distribution and reorganization of frameworks, in this fact, a complete investigation will be achieved. 
Computational Methods
All electronic structure calculations were performed using the B3LYP exchange-correlation functional [19, 20] , a number of studies have proved that B3LYP hybrid leads to an underestimation in the reaction thermochemistry and thermochemical kinetics [21] [22] [23] [24] , together with the standard basis set, 6-31g(d). The optimizations of stationary points were performed using the Berny analytical gradient method [25] and also the IRC paths [26] were traced in order to check the energy profiles connecting the transition state (TS) to the two associated minima using the second order Gonzalez-Schlegel integration method [27] . The electronic structures of stationary points were analyzed by the natural bond orbital (NBO) method [28] and by ELF topological analysis [29] together with the bonding evolution theory (BET) [30] . The ELF study was carried out with the Multiwfn program [31] using the corresponding mono determinant wave functions of the selected structures. The calculation was performed with the Gaussian 09 suite of programs [32] . Whereas, the global electron density transfer (GEDT) [33] was calculated using the natural population analysis (NPA) [34] . The global electrophilicity index ω [35] is given by the following expression, ω = μ 2 /2η, in terms of the electronic chemical potential μ and the chemical hardness η. Both quantities may be approached in terms of the one-electron energies of the frontier molecular orbital HOMO and LUMO, e H and e L , as µ = (e H +e L )/2 and η = (e L e H ), respectively [36] . The nucleophilicity index N [37] based on the HOMO energies obtained within the Kohn-Sham scheme [38] , and defined as N = E HOMO(Nu) E HOMO(TCE) . The nucleophilicity is referred to tetracyanoethylene (TCE), because it presents the lowest HOMO energy in a large series of molecules. Nucleophilic P − K and electrophilic P + K Parr functions [39] were obtained through the analysis of the Mulliken atomic spin density (MASD).
Results and Discussion
In our ongoing study, the present work will be detailed in a three structured parts; first (1) an analysis of CDFT reactivity indices at the ground state (GS) of the reagents involved in this reaction between thioketone C and nitrile oxide B is carried out to expect the reactivity and regioselectivity in this 32CA reaction through evaluating Parr functions. Such evaluates enable us to explore how much the electronic structure of simplest nitrile oxide is affected by the presence of CHF2 and S-C double bond polarization as well, and then (2) The PES of the reaction related to the reaction paths involved in the reaction between thioketone C and nitrile oxide B with the corresponding dehydrohalogenation energetic profile are explored; (3) finally, an ELF study along the IRC profile associate with the energetically most preferred TS involved in the 32CA reaction of B toward C revelations to shed light on the molecular mechanistic aspects in this reaction through subsequent bond forming/breaking patterns, as well as we will be able to predict which S-C and O-C interactions could govern 32CA reaction.
An Analysis of the CDFT Reactivity Descriptors and a Prediction of Regioselectivity in the 32CA
Reaction Between Fluorinated Nitrile Oxide B and Thioketone C.
Herein, a straightforward analysis of the reactivity of the studied reagents within the conceptual DFT (CDFT) will be displayed. Importantly, the global reactivity indexes defined via the CDFT are powerful tools to explain the reactivity in cycloaddition reactions. Hence, Table 1 exposes the global DFT reactivity indices namely electronic chemical potential, μ, chemical hardness, η, electrophilicity, ω, and nucleophilicity, N, for fluorinated nitrile oxide B and thioketone C substrate.
Scheme 3 32CA reactions of fluorinated nitrile oxide B toward thioketones C experimentally studied by Mlostoń and co-workers [18] As shown in Table 1 , thioketone moiety presents a large electronic chemical potential to be 4.19 eV, slightly higher to that of nitrile oxide, 4.24 eV, suggesting that along this 32CA reaction thioketone is able to exchange electron density with a neighboring molecule, and therefore the global electronic density transfer (GEDT) will take place from the thioketone toward the nitrile oxide. The nucleophilicity value provides a considerable prominence to the thioketone moiety as a majority nucleophile (3.39 eV) to compare with that of nitrile oxide (1.73 eV), being classified as a strong nucleophile, however nitrile oxide was considered as a marginal nucleophile, it is worth mentioning that the presence of a great electron-withdrawing CHF2 group has mostly affected the nitrile oxide chemical parameters. The markedly values of electrophilicty index related to the thioketone, 2.79 eV to compare with those of nitrile oxide, 1.26 eV, making this latter acts as a marginal electrophile and a marginal nucleophile. It is worthy to note that the higher global electrophilicity index of thioketone than that of nitrile oxide may be explained considering the presence of a greatly polarizable sulfur atom in thioketone which, in spite of the existence of a greatly electron withdrawing CHF2 substitution in nitrile oxide, behaves as an electrophile.
Some relevant conclusions can be pointed to this analysis: (1) the GEDT will take place from thioketone to nitrile oxide and (2) thioketone moiety acts as a strong nucleophile and a moderate electrophile. Subsequently, taking into account these obvious remarks we have convinced that nitrile oxide B and thioketone C will act as electrophile and nucleophile, respectively. As a direct consequence of electron withdrawing CHF2 substitution and S-C bond polarization effect.
A very excessive attention is paid to the chemo-selectivity, for instance, while an electrophile and electrophile pair approach to each other a very appreciated electronic effect are concerned, The nucleophilic P − and electrophilic P + Parr functions are cautiously taken as a powerful tools to investigating local regioselectivity in polar processes, although such functions are commonly derived from the excess of spin electron density reached via the GEDT process from the nucleophile to the electrophile, they state that the most favorable reactive channel is determined by the initial two-center interaction between the most electrophilic center of the electrophile and the most nucleophilic center of the nucleophile. Figure 1 , exhibits the principally noticeable interactions between the most power electrophilic and nucleophilic sites in both reagents.
Generally, the regioselectivity depends rigorously to the electron density distribution within the reactive sites between a separate electrophile and nucleophile involved in the reaction, as portrayed in Fig. 1 in such the atomic numbering in the separate reactants are included. The most calculated nucleophilic P − Parr function center possessing the maximum local nucleophilicity is attributed to the S1 sulfuric atom at the thioketone moiety, to be 0.86, is significantly larger than that of C2, which has a feeble value of −0.07, such prediction can be related to the C=S polarization toward sulfur atom, indicating strongly that the S1 atom will be much more activated than C2 towards an electrophilic attack. On the other hand, an exploration of the calculated electrophilic electronic P + Parr function at the reactive sites of nitrile oxide indicates clearly that the C 3 carbon atom, with a value of 0.29, is the most electrophilic site that possessing the maximum local electrophilicity, as a consequence to the electronegative effect of two-fluorine atoms (CHF2), while the O1 carbon atom which has a P + value of 0.12, is considered as a feeble electrophilic center. Therefore, it is expected that the most appreciated interactions in this 32 CA reaction will take place between the most nucleophilic center of thioketone C, the S1 sulfur atom, and the most electrophilic center of nitrile oxide B, the C 3 carbon atom. In excellent agreement with the regioselectivty experimentally observed [18] .
PES Paths Study Analysis Associated With
the 32CA Reaction Between Nitrile Oxide B and Thioketone C Due to the asymmetry of both reagents, we can anticipate the feasibility of two competitive reactive channels along this 32CA reaction to yielding different regioisomeric approach modes between thioketone C and nitrile oxide B, for which the S1 sulfur atom of thioketone C moves into C 3 carbon atom of nitrile oxide or O1 oxygen atom of the same reagent; providing a S 1 -C 3 and/or S1-O1 regioisomeric channels will probably be formed, respectively. Each corresponding channel was located and characterized on the potential energy surface (PES). In this regards, an exploration of stationary points involved in the two regioisomeric paths indicates that this 32CA reaction takes place through a one-step mechanism. Interestingly, the formation of the oxathiazole is characterized by two significant stages, a dehydrohalogenation of hydrobromure BrH to generate a derivative nitrile oxide and is followed by a 3 + 2 cycloaddition reaction. The proposed mechanisms processes are displayed in Schemes 4 and 5. In this work under study, the two interesting procedure for generating nitrile oxide and the subsequent 32CA reaction were reported, in this context, thermochemical parameters of such precursors were calculated in the gas phase at room temperature and at 1 atm as presented in Table 2 .
As shown in Table 1 , the generation of nitrile oxide is extremely energetic, which demands a barrier activation of around 30.8 kcal.mol −1 /Ea and 29.4 kcal.mol −1 /ΔGa, equally an endothermicity and endergonically character of such dehydrohalogenation of hydrogen bromide were located; for which the energy, enthalpy and Gibbs free energy of reaction are 16.7, 14.3 and 17.2 kcal/mol, respectively, indicate strongly that the formal nitrile oxide is structurally unstable, and subsequently reinforces the suggest of reversible process. The profile energetic of the noted process was exposed in Fig. 2 .
When the two reagents progressively approach each other, corresponding to the separate B and C substrates via the 32CA reaction, a number of chemo-physical parameters will be modified, as shown in Table 2 , the thermodynamic results indicate that the S 1 -C 3 regiosiomeric channel over TS3 leading to the formation of D1 appears to be the most preferable and stable product, for which its generation demands a feeble activation barrier of 8.9 kcal/mol Scheme 4 Generation of nitrile oxide B via dehydrohalogenation of difluoroacetonitroxyl bromides A Scheme 5 32CA reaction between nitrile oxide B and thioketone C to furnish the cycloadducts D1 and D2 (13.1/ΔG) against a high activation barrier of 24.6 kcal/ mol (30.1/ ΔG) has necessary for the second cycloadduct D2 takes place. In further, the B3LYP/6-31G(d) computed relative energies, enthalpies and Gibbs free energies of the stationary points involved in the studied 32CA reaction reveal that the generation of D1 is favored of viewpoint thermodynamically, with a remarkable exothermic patterns, 24.8 kcal/mol versus 0.4 kcal/mol for D2 cycloadduct, moreover the pronounced value of Gibbs free energy, 18.0 kcal/mol associated with the D1 cycloadduct to compare with that, 0.9 × 10 −4 corresponds with the D2 cycloadduct indicates strongly that S 1 -C 3 regiosiomeric channel patterns (D1 product) is a high exergonic character, make the generation of this latter reasonably irreversible, it can be said the same findings about the relative energies of both regioisomeric channels. However, a pseudo-energetic balance character associated with the S1-O1 regioisomeric channel (D2 product) between reagent and product can be observed. Therefore, Relative Gibbs free and activation energies perceptibly imply that 32CA reaction between nitrile oxide B and thioketone B in the gas phase takes place via a strongly regioselective (regiospecific) fashion passing through TS3 yielding D1 as the unique kinetically and thermodynamically reachable cycloadduct, in excellent agreement with the experimentally observed results [18] . The summarized energetic graph is portrayed in Fig. 3 .
As exhibited in Fig. 4 , the geometrical structures and the global electronic density transfer (GEDT) were carried out in the gas phase, the most significant remark with this analysis evidences that the lengths of the S 1 -C 3 forming bonds at the TS3 is the shortest structure distance, 2.296 Å for the major product, it will probably be formed firstly. However, the lengths of the C 3 -C 2 forming bonds for the TS2 associated to the marginal product is 2.220 Å, being considered as an earlier formed bond. Although, a comparison of these geometrical parameters correspond to the TSs of this 32CA reaction designates that more satisfactory procedure mechanism proceeds through more asynchronous process, ΔS TS3 > ΔS TS2 . Importantly, some remarkable conclusions can be pointed from this study, a great GEDT has been noted at TS3, for which a 0.185e electron density was transferred from thioketone toward nitrile oxide, in good accordance of CDFT analyzes which approve that the thioketone is a powerful nucleophile, which clearly indicate that the high polarization capability of C=S π electrons toward sulfur atom in thioketone C is preferred over the electron withdrawing character of CHF2 group in nitrile oxide B allowing GEDT takes place from thioketone toward nitrile oxide. Therefore, the most appreciated S 1 -C 3 regioisomeric channel is categorized as in a moderate polar process. Otherwise, the high activation energy at the TS2 is a consequence of the weak global electron density transfer, 0.028e due to the crowding interactions between S sulfur and O oxygen atom, which favor afterwards an inverse electronic flux (nitrile oxide to thioketone), and thus, ruling out any competitive patterns with that S 1 -C 3 regioisomeric channel, then providing the D1 as the unique feasible product of this 32CA reaction.
ELF Topological Analysis of the 32CA Reaction Between Thioketone and Nitrile Oxide
Understanding the molecular mechanism of this 32CA reaction involves a complete investigation by ELF method, Thus, a successive detection of the electron density changes along a chemical reaction in which a continuous redistribution of ρ(r) proceeds the reaction can provide valuable information about bonds forming/breaking patterns, in this context, one of the most popular function, introduce by Becke and Edgecombe [29] , is electron localization function, ELF, by which essential information about the electron density shared between neighboring atoms can be extracted. Hence, our study was performed to the majority product D1 at ground state in the gas phase, to this end, an ELF analysis has been realized to the most relevant points along the IRC profile for TS3 connecting separate thioketone and nitrile oxide moiety. The attractor positions for the most relevant points associated with the formation of the S 1 -C 3 and O1-C2 single bonds are shown in Fig. 5 , while the electronic populations of the Table 3 for details) most pertinent ELF valence basins of selected structures along the IRC profile are listed in Table 3 .
As can see in Fig. 5 , some blurred attractor positions scheme are mentioned, in P1 and P2 particularly, however, the electronic structure of such components are not modified. A ten of mostly significant points among 49 studied structures were entirely analyzed and characterized, importantly several noticeably remarks were revealed, the absence of an intermediary's complex along IRC imply that the formation of the S 1 -C 3 and O 1 -C 2 single bond takes place through one-step molecular mechanism, while the major events are located behind TS position as well as the TS was positioned very prior. In P1, where d(S 1 -C 3 ) = 2.93 Å and d(O 1 -C 2 ) = 3.55 Å, an ELF quantum topological analysis of the started reagent shows that the presence of two pair V(S1) and V'(S1) monosynaptic basins around S sulfur atom integrate 5.32e indicating that a non-bonding region associated with the two lone pair over S1 atom is existed, similarly the O1 oxygen atom displays three V(O1), V'(O1) and V''(O1) monosynaptic basins with a sum electronic population of 5.66e, strongly demonstrates that the O1 oxygen atom display a three lone pairs electrons. Moreover, S1-C2 bonding region portray an unique V(S1,C2) disynaptic basin with a total electronic population of 2.41e disposes a single bond character, It is worthy to note that the significant decrease from the expected value of 4e found in the population of V(S 1 ,C 3 ) disynaptic basin, 2.41e, together with the noticeable increase from the expected value of 4e found in the sum of population of V(S 1 ) and V'(S 1 ) monosynaptic basins, 5.32e, clearly indicate the high polarization of π bonding electron density in S1-C2 double bond toward S1 in thioketone, besides a successive ELF analysis shows that O 1 -N 2 and N 2 -C 3 bonding region portraying single and triple bond, respectively, related to the synapticity of the valence basins order which integrate 1.56e and 5.47e, the latter triple bond will distinguish more depopulation of electron density point of view to ending with a double bond. Some interesting remark in this first part was effectively located in C 3 carbon atom which present an unconventional pseudoradical center V1(C 3 ) which integrate 0.69e electron density characterized as in a slight electron radical, is a direct consequence to the presence of two-fluorine atoms as electron attractor which vastly perturbed the distribution and reorganization of electron density. At P2, where d(S 1 -C 3 ) = 2.72 Å and d(O1-C2) = 3.47 Å, a very significant change was located, the first V(C3) monsynaptic basin as pseudoradical center associated with the C 3 atom has been occurred with a trivial electron density of 0.29e, is a direct consequence of N 2 -C 3 bond depopulation. As two reagents progressively approach each other, at P3 (TS) and P4, the ELF valence patterns are very similar to those found at the P2 except some slight decreases of the principle basins in their populations due to the depopulation of the N 2 -C 3 , O 1 -N 2 and S 1 -C 2 bonds as well as S 1 and O 1 lone pairs electron, note that the missed non-bonding electron density V(N 2 ) monosynaptic basin associated with the lone pair over N 2 nitrogen atom is 94e. Indicate intensely that the highly delayed O 1 -C 2 bond is formed (basin B, Fig. 5 ), at a very short distance, by sharing nitrogen non-bonding electron-density and a carbon pseudoradical center corresponding to the thioketone and nitrile oxide moiety, leading to closure five-membered ring in the majority cycloadduct D1. The ELF assessment of this 32CA reaction exhibiting a number of conclusion; the formation of the second O 1 -C 2 single bond begins when the formation of the first S 1 -C 3 bond is almost completed, once electron population of new first S 1 -C 3 bond reaching a noticeable amount at P8 to be 1.67e, as long as the first V(C 2 ) monosynaptic basin required for the formation of second O 1 -C 2 bond has been recently occurred. Taking into context these consequences, it can be seen that this 32CA reaction is non concerted two-stage onestep molecular mechanism. Figures 6 and 7 recapitulate the molecular mechanism acquired from breaking/forming bond analysis and energy profile along IRC revealed during this ELF analysis. 
Conclusion
Recognized as an anticancer appertaining family, 3-fluoroalkylated 1,4,2-oxathiazoles analogs fluorinated heterocycle cycloadduct was generated in situ via [3 + 2]-cycloaddition of fluorinated nitrile oxides and with cycloaliphatic thioketone. A detailed computational study was carried out, in which the most appropriate conceptual DFT method has been used with the B3LYP functional at the 6-31(d) basis set. CDFT analysis and Parr functions demonstrate that thioketone moiety has the tendency to exchange electron density with nitrile oxide, is a direct consequence of the presence of highly electron withdrawing CHF2 substituent, and the high polarization capability of C=S π electrons toward sulfur atom. The gas phase energetic study of reaction paths involved in the computationally modeled reaction obviously exhibited that 32CA reaction between thioketone and nitrile oxide, takes place via the particularly regioselective S 1 -C 3 regioisomeric channel affording D1 (3-fluoroalkylated 1,4,2-oxathiazoles) as the unique kinetically and thermodynamically observable cycloadduct, in full agreement with the experimental findings, and the established outcome portraying that the highly polarizable sulfur atom in thioketone is completely preferred over the electron withdrawing character of CHF2 group in nitrile oxide, implying a forward global electron density transfer from thioketone toward nitrile oxide. However, an ELF quantum topology analysis of the most stably product appears to be directed by a non-concerted two-stage one-step molecular mechanism reaction, by the fact that the formation of first S 1 -C 3 bondby coupling of the S-to-C pseudoradical center-has almost formed, while the formation of second O 1 -C 2 bond -occurs through a direct contribution of electron density from one of O 1 lone pairs which is shared toward the C 2 pseudoradical center-not yet started. Fig. 7 Energy profile (kcal/ mol) calculated at the 6-31(d) basis set level of the most preferred points of TS3 along IRC involved in the 32CA reaction between thioketone B and nitrile oxide C for generating 3-fluoroalkylated 1,4,2-oxathiazoles, D1. Two-stage one-step molecular mechanism directs this reaction
